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embedding Ge Griginal Photo, §SDEurve @hd Epmputed Garameters. Glonte Jarlo Gropout Gas Ghplemented J
to Provide @ Gheasure 6 Epnfidence @ Ghe Bpodel's Predictions. Jomparison @ith @ GAM-refined, §-Net-basedJ
segmentation @Jpeline §hows Gat GRAI3 @mains @bust Gith The @xtures. Yalidation €h &h Ekpanded Ghtaset
and @ross-device §cenarios Ghdicates Gnproved @eneralizability €plative @ @rior Gersions, @ttributable @ €he g
upgraded Gackbone @nd @roup @ross-validation. GRAI3 hus @ffers @ @ractical, @eproducible Gorkflow €r J
soil Granulometry @stimation Gsing Gommodity §martphones, §upporting Eapid €creening, Gocumentation @nd g
reporting @ Geotechnical @nhd Ehvironmental Gpplications.

Geotechnical @jaracterization
Transfer I§arning

1. @htroduction

Soil @article @ize @istribution @PSD)@nderpins ¢hany geotechnical g
decisions gecause governs @ore grchitecture gnd @acking, @hich ¢h g
turn @ontrol @trength Gind Gow. GVell-graded Goils Qypically Gchieve g
higher gensity gnd @hterlocking, @ading @ Grger giction gngle than g
uniformly @raded €punterparts. Bydraulic €onductivity @ ¢osely lhked g
to PSD@ercentiles @e.g., Glazen's @pproximation § x Dio Gpr @lean g
sands@azen, ¢911) @nd @nes Gontent, @hich Gan Gonstrict Gore Goids g
and @educe @ermeability. Gilter @esign gelies @n PSD-basedgriteria g
to @revent @iping @hile @nsuring @rainage, or @xample @ ;5ger |
4D85;base @r Cptention @nd gls;filter 9 4D15;base @r germeability QHead, g
2006). BSD@so shapes€pmpaction Behaviour: @ell-graded €pils @nd @ J
attain @igher Ghaximum @ry gnit @eights @s §maller Qarticles @l Goids g
between grger ghes, Ghile excesslihes Guise Gptimal Gater €pntent ghd g
can @ginder @ranular @earrangement @Daddow gnd @varrington, ¢983; g
Goldsmith gt @l., g001; Qambe, {958).

Conventional §leve ghd Bydrometer @sts &e umbersome ghd §jow. g
Turnaround @mes @re @ften Gours G @ays @nce Gou Gactor th dry-
ing, gplitting, @ashing, geving @nd Gydrometer @ins @ith @mperature g
corrections. Jhey @equire @edicated @quipment @nested Gieve Gtacks, g
shaker, @ydrometers, @ylinders), @onsumablesHispersants, ash @a-
ter) @nd @rained @chnicians @ Ghanage Gample @reparation @defloc-
culation, @ispersion, @emoval @f @rganics) @nd Gnterpret @orrections. g
Alternative @pproaches,§lch @ the Gamsizer (Microtac, g025), dse Q-
namic @nage ghalysis, gser @jffraction @astersizer Galvern Banaytical, g
2025), @ensor-basedfree-fall gorting gcolour, (IR, Chser gnd @lectro-
magnetics JOMRA, g025) @r gnage §egmentation QVipfrag @vipWare, g
2026).

Recently, @omputer gision Ghas @merged Gis G Gractical Goute Go g
obtain BSDfjom §pil Bhages. Gpproaches gpan photos Of Borehole Sam-
ples @Granitzer €t 8., g025), @b shmplers ghd Bench-top §ptups @oulos g
et gl., g025) gnd goils grranged h Gays ¢5t-Cyr gt gl., g025b). Gomed
scholars Ghave @Glso @Gttempted @o @lassify Ghe Granulometry @f giver g
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(a) BOKU'’s photo-box [24, 26]. (b) HPC’s photo-box.

Fig. § @hoto-boxesGsed @r §andardized Bhage Gcquisition.

Table @
Summary 6f Gata Epurces@hd Epntributors @ e Gaining Gptaset.

Geries Contributor Soil Bfovenance hd §pe J
@GRAIL BOKU Qniversity Mainly @enna Bfea, §epal §
@GRAI2 HPC German €pils g
@GRAI3 BOKU Poorly Gaded Epils g
@GRAI3 HPC German €pils g
@GRAI3 Tauchmann West Gustrian Epils g

beds @om @hotographic @nages, @xtending Ghese Grethods @ Guvial g
environments @gBuscombe g020; @ang @t gl., g021). Gome Gorkflows g
also ghcorporate @orrections dor Gonfounding Gactors Guch @Gs Gvater g
content (Boulos @t gl., g025), gnproving €pbustnessgcross@eal-world g
conditions. @nportantly, @everal gatasets@ere Geleased @ @ncouraged
benchmarking (Soranza g025a; gt-Cyr 6t 6., g025a).

In grevious gjudies, @e @eveloped €pnvolutional Geural Getworks ©r g
image-based@SD@stimation. @he @rst Gtudy, GRAI1 @Soranzo@t gl., g
2025), gemonstrated ghat ¢he Gull @SD@urve @an Ge @redicted Gom g
close-range§pil Hhages By @gressing §Qvo-parameter Yeibull Winction g
via @ flobileNet gHoward 6 @l., g017) Backbone. GRAI2, g §ubsequentd
version Of fhe GNN @Boranza g025c), Grgeted Broader deployment ghd g
robustnessBy @corporating Gew @Gata Gto Gaining, Goplying &dditional g
data @ugmentation Ghue @nd Gaturation @djustments) @ Getter §pan g
illumination @nd Cplour Ghriability ghd gdopting fold ¢foss-validation g
to Gtabilize gstimates gcrossubsets.

Generalizability @merged Gis Ghe @Gentral Ghallenge Gh Ghe @revi-
ous {Ierations. g €ensitivity @nalysis gHuepe-Marinovic, g025) Gpvealed g
that @he @hodel @nderperformed @n gery @teep PSDs.@ompounding g
this, Ghinimally gltered @plicates gf the game goil @aked Gito the Gst g
set, gbscuring Gue gut-of-sample grror. Gugmentation Gas @erformed g
across@nly Ghe @raining @nd got Ghe Gest Gplit, Gut ¢ Yvas @lso @p-
plied @rior @ the Qalidation @plit, Greating gistributional @verlap. Jhe g
web gpplications GSoranzo 8024, go25b) gupported Gnly Pre-calibrated g
smartphones, offering Gp path @r ghknown @evices. Binally, pjctures 6f g
non-soils @ere @ccepted Githout Garning.

To gddressghese @hallenges, @e @xpanded the Gaining get @ @h-
clude @oorly graded goils. @e gliminated @akage gy gdopting group g
cross-validation. §ve gdapted the gugmentation @rotocol @y gpplying J
transformations @nly @fter ¢he @ain/validation @plit. @ecognizing ger-
sistent gnderperformance @ith §lobileNet, @e gpgraded the ackbone g
to EfficientNetV2-S @Tan @nd Ge, g021). @Ve @xpanded the @oster @f g
supported §martphones gnd Gitroduced g @evice-agnostic @ath @r gn-
known @ameras: the @eb gpplication gpads §XIF ¢hetadata gnd, @ the g
camera @ gnknown, @stimates @ixel gensity ¢fom @ptical Garameters g
(e.g., cal @ngth @nd gngle Of gew). Jo Prevent Gon-soil Bhages fiom g
passing@ilently, @e @ained @ gghtweight @lassification @NN ¢ @ate g
uploads Before GSDOjference.

GRAI3 gubstantially @nproves generalizability @lative @ @rior Qer-
sions. @cross gnseen groups, @e Gchieved @2 = 0:963gnd §> = 0:880
for ¢he @redicted @/eibull garameters, @ith Ghean gbsolute @ercentage g
errors gf @3.2% @nd (8.6%, Gspectively. Jhese @sults geflect gpbust g
performance @nder Barsher, @akage-resistant@valuation.
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Table @
Smartphones @hd Gblets Gsed @ Gain Ghe Ghodel Ghd Gdditional Gevices Ghat J

are Gutomatically @cognized @r Bference.

Mevices Gped @r Ghining Resolution PPM AoV g
g (Px) © g
@ad Go 4032 @ §p24 15.0 654 0
GPhone O 4032 § §h24 13.9 69.1
@phone O 5712 g @ps4 19.5 69.7 §
Gotorola Gdge 4000 g CBoo 115 793 0
Gamsung Galaxy §32 4000 g €p50 12.9 728
Gamsung Galaxy §32 8000 g 6p00 25.8 728
Gamsung 852 9248 ¢ 6p36 26.3 79.8 0
Qdditional Gpvices @r Gference Resolution PPM AoV g

() © 9
Gluawei Gp Ote P17 3968 g Ep76 13.7 69.0 g
Gphone Ot Go 4032 ) §h24 123 760 Q
@Phone G5 Go 4032 ¢ 8p24 12.8 738 0
@phone §5 Go 3024 g @32 12.6 745 (
Gotorola Gdge 6P @sion 2304 g @96 12,5 76.1 0
Motorola G7+ 4608 ¢ B}156 18.3 61.9 0
@totorola §30 4624 € Q72 17.6 64.1 Q
Gamsung 852 9248 €] 6p36 26.3 798 Q
Gamsung Galaxy §23 4000 g €po0 12,5 747 Q
Gamsung Galaxy 624 4000 g §po0 12.2 75.8 J
@ivo g0 4000 g 8p00 15.4 633 Q
Chiaomi G5 3072 € @96 125 758 Q
Ckiaomi @2 4000 g P00 157 625 Q

2. Waterials gnd Ghethods
2.1. @ata @cquisition

Images@ere €hptured Gith §nartphone Gamerasigside &photo-box, g
originally @ith ¢he ¢hodel §hown th Gig. g0r). Goil Gamples@ere go-
mogenized G g Gement @Ghixer, Gven-dried @nd then dry-pluviated Gto g
the ghoto-box @ay. ecausethe Box Gimensions @re Gublicly @vailable g
(Fig. gg cpllaborators Hdependently Built ompatible Boxes Fig. OB)) O
and ¢pntributed @gata fjom Garious geotechnical projects. Ghe €kpanded g
dataset @r GRAI3 fcorporates Samplesfjom GOKU Qniversity, gs@ell g
as @ontributions Grom @nhdustrial @artners @Table g JheseGamplesg
cover gyoad geographic ghd €pmpositional Ginge, Pcluding €pils Hom g
Austria, Germany ghd §epal. This gulti-source gcquisition, gsing Gpli-
cated Qut @hdependently Gonstructed getups, gnhancesthe giversity 6f g
imaging gonditions gnd @nproves the éhodel's Generalizability. §hotos g
were @ken Grough g4gb+45 mm gperture g giiked gand-off ¢f PLO Gm J
from Ghe §pil Surface. Jhe Gevices gsed Gre fisted B Pable gg

Because@amerasdiffer ¢h @ngle @f Giew GAOV), @ifferent §mart-
phones Bave @ifferent gixel @ensities (pixels ger Gillimetre, §PM). Ghe g
pixel density § defined @ith the @llowing @xpression: g

w
PPM = Iy 1)
where @ & the @idth gf the Gnage Gy @ixels gnd @ @ the @Gidth of the g
photographed @rea® @m. Jhe GOV § Gefined @ccording @ Big. §@nd g
can fhus Be @btained @ith Ghe Gxpressiong

AOV,_ b
tan.T/— N (2)
Hence, the Pixel density § @lso gqual @ J
ppM= — Y ___ ®3)

2h tan.%/

For gnsupported @hones, g @rst-order @alibration @an @e gbtained @y g
assuming @OV u 70° given ¢he @xed § = 210 mm@naging gistance. g
This @0° gas geen @btained @y Gpunding the gverage Gngle Galculated g
from gable gg8lence, @e gan gbtain §@om gGq. ) gnd the GPM @om g
Eq. 0l) Becomes:g

W W

PPM = > 210.tan35 ~ 204087

4)



E. garanzo Computers and Geotechnics 199 (2026) 108362
TOP VIEW |o  CROSSSECTION I-1
Jl< —— Ql=
| 1 OI
|l
| w, =) . .
160 45 o 160 @] LED light strip
T |_I 50
s [
Opening 45x45 _I>
L
g
: T4
365 o 20 325
1
i< di<
FRONT VIEW SIDE VIEW CROSS-SECTION A-A
Jla
< (=3
g &l H% ]
(=] (=] w P ) N S | v
o9 Y- o - aa
LED light strij
(=3 =3 (=3
(=] S| N <o | e o en
S 2|& 2|& 2|&
- o e N o PN N e
1 1 1 1 1 1
01;: ® t ®
o -
=3 (=3
2 2
@ 1T— @
8 z
@ IT— @
=3 (=3
2 2
S%[
10 dla 10 0 255 2 R 255 20)
410 295 295
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Fig. @ @efinition 6F Ge Gngle &F Pew.

The @ixel gensity gf Gupported @hones (Jrable @Y @as @reviously @ali-
brated; Basedoh Gyis @ensity, Hhages &e Gsized @ gGrget 6f §6 BPM. g
Images @re Gentre-cropped fito 00 ¢ @O0 Px Suares.

To Gduce Bias @nd patial gorrelation, Guultiple Bhages of gach gpil g
were @cquired Ghile @shaping the urface Between ghots @sing §mple g
tools. Oy @tal, 821 BhagesPere Cpllected fHom BB djstinct spil Samples.g
Representative Gnages gf the goil §amples@gre displayed G §ig. g§gfhe g
soil §gmples€khibit &veragefay, git, Shnd @hd Gravel €pntents 6f 1%, J
11.7%, @7.7% @nd 36.4%, Gespectively. Jhe @heasured Qarticle Gize g
distribution Qurves @r gl samplesge shown @ Big. §Yighlighting e g
contributions @om different @enerations of the Gataset SRAIL, GRAI2 J
and the Gew data O GRAI3).

PSDgurves @ere Optained By §leving [r Goarselactions gnd By te g
hydrometer gedimentation @nethod @r @ne Gactions. he goefficients g

S mesmmamniiamian:

(a) Silty sand (b) Sand

(d) Bouldery gravel

(c) Sandy gravel

Fig. @ Qepresentative Griginal §martphone Ghages 6f €pil amples @om @if-
ferent @ata Epurces.

of @niformity @nd Qurvature Garied Between Gy, E [1:7;2750] @nd Gc E
[0:5;5:9], eepresenting g @ide €ange gf goil gradations Gom Goorly @ g
well-graded @haterials.

The BSDs@ere fifted @ith Ghe Qvo-parameter Yeibull Gistribution: g

Fdf d/=1% ¢ 49° (5)

where @@ Ghe particle Gfameter, § § g specific Gameter Greshold ghd g
b @nd g gre (tting Qarameters @presenting the §cale @nd Ghape gf the g
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| GRAI1 (Soranzo et al., 2025) —— GRAI2 (Soranzo, 2025) —— GRAI3: this studyl

Fig. §. Mleasured PSD@urves Gpr Ghe @8 Goil GamplesPsed th Ghe Gtudy, J
encompassingg @ide Gange Gf Gradations Gnd Gighlighting Ghe Griginal gnd J
newly @dded Gata.

Table g

Evaluation 6f @llback §PM €stimation @r Ghseen Gevices.

Gvaluated Gpvices PPM.mp AOVemp PPM.iback APE (
GPhone OB 5.796 67.380 5.804 01% g
@Phone 7 19.543 67.380 19.423 0.6% g
Gredmi fote G1 Go 6 12.919 65.470 13.601 53% J

distribution, @pspectively. s gxplained @ goranzo gt gl. (2025), gand g
c gre Gelated @ g Qharacteristic Qarticle gize gnd @ the Goefficient @f g
uniformity: g

dso = 0:69"-° - b (6)

Cy = 8:70-¢ @)

Since the @arameters @ere Gomprised @ e eanges @ E [0:030 39:561]
and ¢JE [0:392 3:284], Be tiyst Brm © Bq. §) Garies Between @388 ghd g
0.893 gnd thus the ghean giameter ¢ ¢hainly getermined @y @ €ather g
than @y Ghe @urvature. Gor Ghe Game Geason, Gince § Ghows @reater g
variability @an @, the Qatural pgarithm @f @ & Gsed @s ¢he Gutput g
variable @ @tabilize ¢he @ariance guring @hodel Gaining. ¢h doing §o, g
the gange of B).b/ Becomesfy3 :508 3:678].

2.1.1. Gvaluationof Ghllback BPM gstimation®r gnseengevices

When g @amera ¢hodel ¢ got @resent h the Qalibration Gable, gur g
system @ises@ @evice-agnostic Gallback Gpased @n G Qypical GOV Go J
estimate @PM. go gssesdhis €hllback gnder gealistic gser onditions, g
we @eld @ut Ghree @martphone Ghodels rom Ghe @alibration @atasetd
and @ollected @st heasurements@sing the §ame @naging Gox gsed Gh g
deployment.

For @ach @eld-out @evice, Qe @heasured he @ixel Gength v @f @ g
known @hysical @ngth @ @e then Gheasured the Ghe &ngth G @ixels; g
we Converted this Gheasurement® @n Gmpirical GPM Galue gsJ
PPMymp = va 8

We gompare §PM,m, @ the Gillback §PM @stimate PPMinac)- Jable g
3 @eports Per-device @bsolute Gercentage grror g

|PPMemp* PPMfaIIbackl
PPI\/IEmp

Across the three geld-out §martphones, the Ghaximum @Gullback GPE G J
about §%, gemonstrating €hat the @pical GOV Gullback @ields gbust g
normalization @ @ractice.

APE = (9)
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Fig. 6 @air-plot hd Eernel @ensity Estimation GKDE) 6f Ghe @eibull Garame-
ters Qustrating Ge Gain test Eplit Ghd Ggions 6F Eparse@aining Epverage.

Fig. g. Gxample @nage Gansformations @ @Gugment Ghe @ata. §a) Qriginal g
image; @) Borizontal f@p; @) Gertical @p; @) G0° Gptation; @) Bightness B-

crease; @ Bfightness @ecrease;@) €hturation Gcrease; @) Shturation Gecrease.

2.2. @ata gplitting @nd Gugmentation

We @artitioned @he @ataset thto @ Gaining get (P0%) gnd g Geld-
out @est get L0%). Jhe @plit §hown Gh Gig. GXeveals Chat @ortions gf g
the @st @istribution e G E:gions gf Gibel gpace@ith Gparse@aining J
coverage, @articularly @ear g3;3/. Qhis ghift gmplies ghat Ghe ghodel g
must extrapolate Beyond Gye @ensestBaining Ggions, groviding gGjore g
realistic @ssessmen@f generalization Gapability.

To @nprove @bustness, gugmentation @trategies ¢hat @reserve ge-
mantic @ontent @re @Gpplied @uring Gaining @Fig. g ghese@hclude g
horizontal @nd gertical @ips, §0° gptations @nd Grightness/saturation g
adjustments @poth Bcrease @nd Gecrease).Quring Gaining, g determin-
istic gtaged Quplication @ipeline & gpplied @n the Gaining @lds anly, g
yielding @ltiple @ariants @er @riginal gnage. Yalidation gnd @st getsg
are got gugmented @ @haintain ggorous @valuation @tandards. @fter g
augmentation, he gaining et Gomprised @5,728 nages.

2.3. ¢lodel @rchitecture@nd @aining

We gredict §.b/ g§hd ¢ gsing @n BfficientNetV2-S (Fan nd Oe, g021) g
backbone. gfficientNetV2-S @ @ Gompact Gariant of the gfficientNetv2 g
family Gpat Blends IBConv gnd flised-MBConvBjocks @ith @rogressive g
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Table @

Model grchitecture: BfficientNetV2-S Jan &hd Og, §21) @ithout assification §
layer @hd §facked, Gainable Geural Getwork.

(fficientNetv2-S

Gtage Operator Stride Channels Layers (
[0] Cconv3 g @ 2 24 1 g
6] Fused-MBConv1,& § § 1 24 2 g
g Fused-MBConv4,p § § 2 48 4 g
(€] Fused-MBConv4,Ep ¢ § 2 64 4 g
g MBConv4, B § @ §E0.25 2 128 6 o]
g MBConvé, &8 ¢ § §E0.25 1 160 9 g
[C] MBConvé, &8 ¢ § §E0.25 2 256 15 g
Gtacked Gpinable Bpural Bptwork

Gtage Layer Neurons Activation Dropout
g Dense 2048 Relu 0.1

(€] Dense 512 Relu 0.1 g
[¢] Dense 256 Relu 0.1 g
go Dense 128 Relu 0.1 g
ga Dense 2 Linear g

training @ @eliver Gtrong @ccuracy @t bw @omputational @ost. Jhe g
backbone @as @itialized @ith hageNet @eng €} ., GH09) Pre-training g
(transfer @earning), @s @nal @lassification Ghyer @emoved gnd @ Geed-
forward @egression ead @ith @rchitecture @048-512-256-128-2 @vas g
stacked @r Gegression (Jrable gg

The [l Godel €pntains B#,168,418 Garameters, 6f @hich 8,837,058 g
are @ainable. @ve gptimize them @y Gninimizing ¢hean quared rror g
(MSE) @vith ghe @hdam @ptimizer. Early Gtopping @nd @hodel @heck-
pointing @re gmployed @ @hitigate @ver-fitting. Jraining gsesg Ghini-
batch gjze of g2.

To @ssesIPbustness,@e perform §Hfold ¢ross-validation gith group-
aware @plits @ @revent (akage @f Geplicate gnages Grom Ghe Gamed
soil §ample @cross@plds. @fter Gaining, Gve Geport the @oefficient @f g
determination @R?) @nd Gnean @bsolute Gercentage @rror MAPE) @n g
both Ghe Gaining @nd Gst Eets.

2.4. @Wncertainty guantification ga §lonte Garlo @ropout

To @rovide g Gheasure @f Gonfidence B Ghe Ghodel's Predictions, Ge g
implemented §lonte Garlo @MC) Qropout ¢5al §nd Ghahramani, g016) g
as@fPrm ©f goproximate Bayesian@ference. §tandard Geural getworks g
provide @oint @stimates @ithout Quantifying €he gnderlying @gpistemic g
uncertainty. @y Geeping @ropout ayers @ctive @uring ¢hference @nd g
performing G0 @tochastic Gprward @assesthr gach @nage, @e @btain g g
predictive @istribution @r the Weibull Garameters.

The @redictive Ghean § & Gaken gs the @nal @rediction, @hile ¢he g
predictive Gtandard @eviation g gervesgs g @roxy @r Qncertainty. Jo g
ensure Ghe @eliability @f Ghe @ncertainty @stimates, Gve @erformed @ g
post-hoc Cplibration @ €cale the Ghw Efandard @eviations §uch that the g
empirical @overage @hatches the @ominal 5% @onfidence fevel @seed
Table g9

2.5. @omparison@ith Gegmentation

We ¢pmpare GRAI3 @ith §egmenteverygrain (bylvester € §., g025), g
a Bython package that detects grain-like Gpjects Gsing g Patch-basedq-
Net QRonneberger gt gl., g015) @rst gass@® Qenerate Grompts ¢r the g
Segment@nything §lodel SAM) @.1 QRavi @t gl., §024); ehany df @s g
training @nages Gome @om €he Gedinet @roject (Buscombe g020). Gor g
evaluation, Both @ethods @re Gin gn the Same Jold-out Eket.
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Table §

Confidence Btervals 5% QI) By &pil Gpe.

Gig. Count b c g
g True Ci@gw CIfgh  True Cigw cCifgh g
go@ 10 0.504 0.345 0.378 2.045  2.063 2211 @
do(b) 10 21.094 20.990 26.082 3.162 2.649 2807 0
go(c) 10 20.989 20.405 24.471 3.121 2.580 2776 0
go 10 29.964 18434 23240 3151  2.363 2733 0
doce) 5 3.328 2.541 7.086 0.520 0.704 079 0
go 3 0.697 0.326 0.501 1.895 1.498 2200 Q
do 3 0.334 0.345 0.446 1678  1.708 1901 ¢
do(h) 5 0.051 0.053 0.082 0.844 0.787 1189 (
goq) 9 17.382 10.667 16.597 0.548 0.711 0794 @
gog) 4 36.018 9.906 18.428 0.999 0.751 0894 0
3. Results

Training gn gn QVIDIA GeForce@TX 060 GPU @quired gpproxi-
mately §.5 g. §he @est gheckpoint Gas gvaluated gn the @ill Gaining g
set @nd gn gn gxternal Geld-out @st Get. Gig. §dphows @redicted QGersus g
observed @alues r foth Weibull Garameters. ashed Bands Bpdicate g0
,30~ @lerance.

For ¢h.b/, Graining @ielded QR? = 0:931@nd WAPEG 18:9~; @stg
performance gchieved @2 = 0:963 gnd GQIAPE g 23:2~. gor @, @aining g
yielded @? = 0:918@nd WIAPE g 12:58~; @st @erformance gchieved g
R? = 0:880@nd YIAPE g 18:6~.

Overall, predictions ¢Juster &ound e Bjsector e, Gdicating Good g
agreement Between predicted g@hd Gpbserved Ghlues. Besiduals@re Grger g
in ggions @ith gparse@aining Qoverage, gs gxpected Gom he gistri-
bution ghown @ gig. g0Jhe glightly @etter @st @erformance @r Gh.b/
compared @ @aining §luggestsgood Generalization @ithout @ver-fitting, g
while @he @erformance @n @ §hows gxpected gegradation gn the Ghore g
challenging @st Gases.gig. gdisplays the Cplibrated gncertainty gnaly-
sis @r goth 0.0/ gnd g aGn the @st Get. Jhe @ft Ganels Ghow g Gositive J
correlation Between Cplibrated @nhcertainty @nhd gosolute €ror, €pnfirm-
ing Ghat Bhe Ghodel @ Qerror-aware". Jhe gght Panels Gsualize Bhe 86% g
prediction @terval Qtunnel” §prted By Ground Guth hlues, Gemonstrat-
ing that ¢he @tality gf Gest Gamples@ll @ithin ¢he @redicted gounds. g
Fig. 00 hows e Gsulting BSDs®r gvery pil Of Ghe @st §et. Flthough g
the Predictions ge Got ways Perfect, Bie gstimated Percentagesof Ge g
various goil @actions gre Geasonably gccurate, @emonstrating that the g
model gffectively @aptures ¢he @ey Gharacteristics gf ¢he goil @pes ¢h g
the @st Eet.

3.1. Regressio@ersusgegmentation

We gpmpared GRAI3 gith §egmenteverygrain @sing §vo Gpresenta-
tive gpils. Girst, @r g gery Goarse Gample (Fig. gg(d), Gso U 25 mm) the g
segmentation groduced By §egmenteverygrain § Shown & gig. g0 The g
segmentation @ @xcellent: @xtracting ghaximum @rain giameters ¢fom g
that gegmentation gields @SD@urves (Fig. 0g) that ggree glosely @ith g
the @round Guth. Ch this goarse @asegegmenteverygrain's gesults gre g
highly gpnsistent gcrossihages ghd, @ Spme Pstances, §ven Ghatch Bhe g
ground @uth @hore gosely than GRAI3's @redictions.

The gtuation €hangesBparkedly ©@r ggpuch fiher Sample (Fig. g¥e), 0
dso U 2 mm). s @ustrated i@ Big. 8 Gany §nall Grains e Gissed. @e g
attempted @anual @ining @or €xample, @ducing patch §jze) © Ehprove g
detection @n Ghis @nage, Gut Ghese @djustments @id Got Gemedy Ghe g
fundamental Ghilures: Ghe Ghethod Efill Ghissed Gumerous Grains.

3.2. @Veb@pplication

We @eveloped g Gtreamlit-based @eb gpplication gSnowflake the., g
2026) go Gleliver ghe GPSD@estimation dn G Quser-friendly dnterface g
(Fig. dg). he @pplication @ Gosted gs @n @Gpen-source Gpace@n the g
Hugging Gace @latform QHugging Gace Ghc., g026) @t the ORL Gttps://


https://huggingface.co/spaces/soranz84/grai3
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Parameter In(b) (Train)

R?=0.931 /
MAPE = 18.9% /s

Predicted Values
o

-4 -3 -2 -1 0 1 2 3 4
Observed Values

(a)

Parameter ¢ (Train)
4.0 -
R2=0.918 /
MAPE = 12.58% /
3.5 e

3.0 /
251 , A -

2.0 % / o

Predicted Values

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Observed Values

©)
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Parameter In(b) (Test)

R?=0.963 /
MAPE = 23.188% s

Predicted Values
o

-4 -3 -2 -1 0 1 2 3 4
Observed Values
(b)
Parameter ¢ (Test)

R?=0.88 /
MAPE = 18.594% 7

Predicted Values
- - N N
o 3 o 3
L L L L
\s
N
<
\ <
\
<
\
\
\
N
\
\

e
3}
L

N
~

\
\

o
o

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Observed Values

(d

Fig. § @rediction @erformance @f @eibull Garameters G.b/ @nd g @r Ghe Gaining @nd Gst Eets. Qashed Ghes Gdicate (B0~ Elerance Gands Ground Ghe @eal g

prediction @olid Ghe).

huggingface.co/spaces/soranz84/grai3, @hcilitating @idespread @ccessg
for geotechnical @ractitioners. Jhe @ipeline Gitegrates ¢he @ghtweight g
compliance ¢assifier @ erify @nage Guality Before BSDigference.

Upon @nage Qpload, the gpplication €ads the gamera GXIF gheta-
data gnd gttempts @ €etrieve the @ixel density (PPM) Gom g Gpread-
sheet@ased@n Jable ggg the device ¢ gnknown, PM @ gstimated g
basedgn @OV g @0° gnd @resented @ the gser @pr gonfirmation. @ll g
images gre gormalized @ the Girget @ixel Gensity gnd Gentre-cropped g
to Ghe Gandard @put §fze.

Before @SDhference, g @inary @NN @lassifier Qates gploads. he g
positive @lass gomprises Gompliant @hoto-box @nages gf §oil; the geg-
ative @lass@omprises gandomly Gcraped ghternet @hotos gnon-soil @r g
irrelevant @ontent). @nages @ith @ hw Goil-compliance gcore gigger g
a @Qvarning @nd @re Glocked @nless Ghe Gser @xplicitly @verrides Ghe g
decision.

The @gression@odel Ghen gredicts 19.b/ &hd gahd Ge ¢pmplete BSDY
curve § gomputed @sing 8q. () @nd Gsualized @ith §andard geotech-
nical @lass@oundaries @clay, Gilt, §and, @ravel). Merived Garameters g
including 014, 050, B0, Goefficient @f gniformity C,) @nd Goefficient g

of @urvature (Cc) 8re Galculated @ccording @ gq. ¢) 8nd g

d§0 In.0:7/2 e c
Ce= dio- dgo [In.0:9/-ln.0:4/] =1148 (10)
and @isplayed. g gne-page §DF @zport @ gutomatically generated gnd g
offered @pr gownload, @mbedding Che @riginal @hotograph, @redicted g
PSD@urve, Weibull garameters ghd @erived @eotechnical @dices. Gonfi-
dence@tervals fr Bahd ¢Ean Be Calculated Gith Bonte Garlo Gropout. g
The gorkflow Of the @eb @pplication & depicted & Gig. OY.

3.2.1. @PI Gnplementation

To gnable grogrammatic gccesstp the GRAI3 @rediction ipeline, g
we @glso geployed g @edicated §PI §pace@n glugging Gace@t gitps://
huggingface.co/spaces/soranz84/grai3API. This Qocker-based@verkel, g
2014) gPI gprvice provides BESTfulgnhdpoints [§r @al-time §pil particle g
size @fstribution prediction, @nabling Ytegration @to Ghird-party Gork-
flows, Batch @rocessing @ipelines @nd Qustom gpftware gpplications.

The GSRAI3API bpacedp Guilt Gising G Pocker Gontainer Gosting g
a @Python-based ghference Gerver. he G\PI dollows Ghe @radio gro-
gramming Oiterface @Garadigm QAbid 6t 6., g019), Ghich gutomatically g


https://huggingface.co/spaces/soranz84/grai3
https://huggingface.co/spaces/soranz84/grai3
https://huggingface.co/spaces/soranz84/grai3
https://huggingface.co/spaces/soranz84/grai3API
https://huggingface.co/spaces/soranz84/grai3API
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95% Coverage Tunnel: In(b)

O
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1.0
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Fig. @ @ncertainty Guantification @a §C Qropout Gr Be Yeibull Garameters: Qeft) @osolute gror G. Chlibrated Ghcertainty ghd @ight) 86% Erediction Hterval J

coverage @nnel @r @) §.0/ ghd @) ¢

generates@hteractive @ocumentation @nd Gupports §oth @ynchronous g
and @synchronous @hference @equests. @pon hstantiation, ¢he Gpaced
loads he gfficientNetV2-S @gression ghodel, the Gompliance @lassifier g
and @he @alibration (pokup Gable ghto Ghemory, @nabling Gw-latency g
predictions @ithout @old 6art delays.

The G\PI @xposes@ Gingle @rimary @ndpoint @hat Giccepts@nage J
uploads gia TTP GOST@quests. thput @nages @re @rocessedthrough g
the §ame Preprocessing @ipeline gs the @eb Gpplication. The Ggressiond
model Bhen gredicts Bhe Yeibull garametersi®.b/ ghd ¢ Gom Ghich Ge g
full §SDgurve @nd Gerived geotechnical Bdices @re Gomputed.

Clients ghteract @ith ghe @PI @y Gending Ghultipart/form-data G-
questspntaining Ghe Bhage fije. Jhe GPI Gturns §ISONGsponsegith J
the @llowing §fructure:

» Weibull garameters §@nd g

« characteristic Giameters @nd gurve ghape pefficients,

+ soil @actions gnd

+ image dimensions. g

The G\PI @an Ge Ghvoked @ising Gtandard GHTTP Gbraries Gh Gny g
programming @nguage. §xample gsagel) Gython:

import gequests
url g thttps://soranz84-grailapi.hf.space/analyze"
with gpen("soil_image. jpg", &¢b" gs §:

response § gequests.post(

url,
files={"file": §"image. jpg", 9, image/jpeg" }

print ("Status:", gesponse.status_code)
print ("Response:", gesponse.text)

Fig. gg ghows the gPI Gnplementation @ @he Gommercial Goftware g
GGU-CONNECTY:GU gpftware, g026). Ghe gpftware hks g gpil Ghage g
to @ §pecific §egment of §Epre Sample (KDB) gnd gfilizes the GRAISAPIQ
to @nalyse the Bnage, Geturning Ghe Gorresponding Epil Gactions.

4. Qiscussion @nd Gonclusions

By @xpanding @aining @overage @ @oorly @raded goils, gnforcing g
group-aware gcross-validation gand gupgrading gthe gbackbone gto
EfficientNetV2-S, GRAI3 gchieves gtable @ross-device@erformance gn-
der Barsher gvaluation ¢pnditions than Previous gersions. Ge gcknowl-
edge ¢hat GRAI gelies gn @lobal gnage @ues @Colour, Gexture, @verall g
appearance) Ghat @re ¢hfluenced @y @egional Ghineralogy @nd @rove-
nance, §o @s @erformance Ghay Got Gansfer Geliably @ @eologically g
distinct goils. Jhe @evice-agnostic grchitecture @ith gutomatic Gamera g
detection ghd gn-the-fly BPM @stimation gnhables@peration gcrossgrtu-
ally gny gmartphone, gignificantly @roadening the @otential gser gased
beyond @re-calibrated @evices. Ve gote ¢hat Ghile g gevice-agnostic g
AQV flIback gelds igw BPMrors @r IGeld-out EBhones @naximum GPEJ
U 5~), eesidual gevice-dependent @ormalization @rrors Gan fill gccur g
for Quly Gnseenbprdware, §p Pnited @Gevice Gfversity i@ Ge Chlibration g
setig g0ear @nitation @hd Gsersghould €pnsider Ger-device Ehlibration.

This @vork @Gssumesghe Goil Gurface @s Gpproximately @at Gvhen g
applying @hysical-scale gormalization; @y @ractice, goarse gravels gnd g
cobbles @an @reate Gubstantial gurface gelief o the gamera-to-surfaceg
distance @aries Gwcross@he @mage, roducing Gpatially garying PM g
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Fig. IP. GResults 6h Each hmple 6F Ge @st Ept. Pultiple Gictures 6F Ehch Epil Gere Bcquired Glue Bhes) Bhd Yeir Eredictions Gere Epmpared ©§ Ye Gound Guth g

(red Che).

error. Jhis @ffect ghay @egrade Gize @stimates @or Ghe @Goarsestfrac-

tions gnd go & @ Umitation @f Gur Ghethod. Gve Gote, Gowever, Chat g

or gon-compliant @hages, reventing §purious Predictions gnd Bnprov-
ing @ser gonfidence ¢h the @esults. @vVe did ot Gerform @n @xtensive g

coarse-grained goils @ere Gicluded @ Gaining gnd the Ghodel Gan §till § quantitative @valuation gf glassifier gccuracy gs ¢his @ork ¢cusesgn g
the @SD@egression ghodel; gevertheless, gsers @hould e gware ¢hat g

produce @easonable gredictions ¢pr §amples@ith Girge Qravel/cobble g
content. The Iphtweight €pmpliance ¢assifier €ffectively Gatesgon-soil g

residual @on-compliant Ghputs @an @egrade @ownstream @redictions. g



Fig. @1. Gegmented@rains Gbtained @ith Ghe Gegmenteverygrain Gethod @r J
the €pil Gith Gk, 0 25 mm.
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Fig. @2. @omparison gf €he @redictions @btained ith GRAI3 gnd ¢he Geg-
menteverygrain Gjethod @r Ge €pil Gith G, 0 25 mm.

Fig. @3. Gegmented@rains Gbtained @ith Ghe Gegmenteverygrain Gethod Gr g
the 6pil @ith €, u 2 mm.

We gompared GRAI3 @ith g GAM-refined, @-Net-basedgegmentation g
pipeline. Gor @oarse Ghaterials §egmentation @an @roduce gery Qigh-

fidelity @er-grain @Ghasks@nd @SDshat @losely Gratch @round @uth; g
however, dor Gner @extures, @ Gnisses@nany @rains, @egrading SDQ
recovery @ven @fter Ghanual @arameter @uning. @h @ontrast, GRAI3's g
inference @emains @bust @crossthis @ize gange. The htegrated Greb g
application gyovides Gpid @ference @ypically Ghder g§er Bhage) ghd J
generates@omprehensive §DF geports Guitable @r field documentation g
and Gegulatory §hibmissions. Qhese@nprovements @dvance ithage-basedd
PSD@stimation @om @roof-of-concept @ @ Geployable @ol Suitable @r g
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practical geotechnical @pplications Gicluding §jte Bvestigation, Guality g
control @uring Garthworks @nd Gapid §creening f Horrow Ghaterials.

Performance @emains @ensitive ¢h gparsely gepresented gegions @f J
label §pace,particularly @r gery §feep@jstributions. BepresentingBSDsg
by gvo @Veibull @arameters @nforces @ gnimodal, @mooth hape@nd g
therefore @annot @apture @ap-graded, Gharply @hanging, @r Gtrongly g
multimodal @istributions @pical of Quvial Qr Gcustrine feds. Jhe Qur-
rent @orkflow @elies @n g gtandardized ghoto-box gnd @rimarily dry, g
controlled @amples;@actors @ommon @h @eld Gettings moisture @an g
degrade §SD@stimates, §o the @resent Gystem ghould ge gonsidered § J
lab-assisted§greening @ol Gither Ghan gfijlly @bust fipld plution gntil g
further @ata Gpllection @nd @lgorithmic @daptations @re Gompleted.

Future @esearch @rections @clude gxpanding Gpe Giversity of Gsted g
soil §pes @ @hprove @presentativeness@cross@obal @xture ghd ¢pom-
position ghnges, Gollecting @aining data @cross@arying Gater Gontents g
to @nable @bust feld deployment @n gs-sampled@haterials, @hcorpo-
rating Gompositional @r §pectral @atures @ Getter Gapture Gap-graded g
and Bimodal §SDs,@fining Ghe @ss @inction @ Penalize Grisprediction g
of he @nes Gaction @nhore Geavily Qgiven @s disproportionate @npact g
on @ydraulic gnd €nhechanical @ehaviour) gnd gtudying gedimentation g
effects @nd gptimal Beight of gpil @ Ghe Box Br Expected Grean Particle g
size.

GRAI3 gepresents g gignificant gdvancement @h gmartphone-basedg
soil @haracterization, @ddressing @ey gmitations @f @revious gersions g
through @nproved @hodel @rchitecture, @igorous @alidation @nd Gevice-
agnostic design.

1. The gystem@hievesgjrong Predictive gerformance @R? > 0:886n g
unseen st gata) @hile @Ghaintaining @ractical gsability Ghrough g
automatic @evice Gplibration @nd gne-click @porting.

2. The @eb-based@nplementation Gwers garriers @ gdoption gy J
eliminating @he Gheed dor @pecialized Goftware Gnstallation @r g
device @re-calibration.

3. Combined @ith @he gandardized ghoto-box @rotocol, GRAI3 ¢f-
fers g @producible @orkflow @r Gipid BSDgstimation hat ¢om-
plements @aditional @boratory @Ghethods, Garticularly @ Ecenar-
ios @quiring @uick @rnaround, field §kreening @ @ocumentation g
of §patial Gariability.

4. While ghallenges ¢zmain @r gertain goil @pes gnd @eld gondi-
tions, the gystem gemonstrates gufficient gccuracy gnd €bust-
ness@r Ghany @ractical geotechnical gpplications.

5. Continued @xpansion @f @he @raining @ataset Gind gefinement g
of @he @rchitecture @ill @urther @nhance @eneralizability @Gnd g
broaden the ginge of @pplicable §cenarios.
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